The era gene in Escherichia coli encodes an essential GTPase that binds GTP and GDP specifically and hydrolyzes GTP to GDP (1, 23) . Era is associated with the cellular membrane (22) . Era homologues are found in most bacteria, some of which have been shown to be essential for bacterial viability and able to cross-complement E. coli mutants defective in Era production (27, 32) . These findings suggest that Era function is highly conserved in bacteria. Era homologues have also been identified in some higher eukaryotic organisms, including Antirrhinum, Caenorhabditis elegans, mice, and humans (7, 15) . The Era homologue found in Antirrhinum has been shown to be essential for embryogenesis (15) . It has been suggested that human Era plays a role in the regulation of apoptosis (3) .
Era consists of an N-terminal GTP-binding domain and a conserved C-terminal domain that contains a putative KH domain (10) capable of binding RNA (13, 17, 24) . The cellular function of Era still remains elusive. Partial loss of the Era GTPase activity or decreased synthesis of Era in E. coli resulted in elongated cells with multinucleoids and cell cycle arrest (9) . It has been suggested that Era might play a role in the control of the cell cycle (8, 9, 12) . It has also been shown that Era interacts with 16S rRNA and the 30S ribosomal subunit (13, 24, 29) . Furthermore, 16S rRNA dimethyltransferase has been demonstrated to suppress a cold-sensitive mutant of Era E200K when expressed in a multicopy plasmid (19) . An Era homologue in Streptococcus mutans was shown to modulate the GTP/GDP ratio in the cell (5) . The reduction of Era production results in a lack of thermal induction of ppGpp pool levels and alters carbon metabolism in E. coli (18) . Era has also been linked to the phosphoenolpyruvate-sugar phosphotransferase system, as an era temperature-sensitive mutation can be suppressed by disruption of pstN, encoding a nitrogen-related enzyme, IIA (IIA ntr ), a putative member of the phosphotransferase system (28) .
GTP-binding proteins, known to function as molecular switches, change between an active (GTP-bound) and an inactive (GDP-bound) conformation. GTP-binding proteins can interact with GTPase activating proteins or guanine nucleotide release proteins to modulate the GTPase activity and also interact with several downstream target proteins to cause signal transduction. The interactions between the GTPase and its protein partners are important for its physiological function.
In order to identify potential proteins interacting with Era in E. coli we used the yeast two-hybrid system, with Era as bait. By screening E. coli genomic libraries, MazG was identified as a potential Era-interacting protein. The direct physical interaction between Era and MazG was confirmed by in vitro experiments. We purified MazG protein and characterized MazG as a novel nucleoside triphosphate pyrophosphohydrolase. In this study, we also explored the substrate specificity of MazG protein and its physiological role in E. coli.
MATERIALS AND METHODS
Reagents and enzymes. Nucleotides, ampicillin, nalidixic acid, streptomycin, and rifampin were from Sigma. The restriction enzymes and DNA modifying enzymes used for cloning were from New England Biolabs. Pfu DNA polymerase was from Stratagene. The radioactive nucleotides used were from Amersham Pharmacia Biotech.
Strains and plasmids. Saccharomyces cerevisiae strain PJ69-4A (MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4 gal80LYS2::GAL1-HIS3 GAL2-ADE2 met::GAL7-lacZ) was used for two-hybrid assays (16) . Vectors pGAD-C1, pGAD-C2, pGAD-C3, and pGBD-C1 were described previously (16) . The era gene and the various N-terminal and C-terminal deletion constructs of the era gene, as indicated in Fig. 2 , were cloned into the EcoRI-BglII site of pGBD-C1 to create an in-frame translation fusion with the Gal4 DNA-binding domain. These plasmids were designated pGBD-Era, pGBD-Era⌬(1-50), pGBD-Era⌬(1-146), pGBD-Era⌬(151-301), and pGBD-Era⌬(233-301). The mutant era gene with a deletion of the G2 region was amplified by PCR from plasmid pJR302dE (26) and cloned into the EcoRI-BglII site of pGBD-C1, creating plasmid pGBDEra⌬(40-49). The mazG gene and the various N-terminal and C-terminal deletion constructs of the mazG gene, as indicated in Fig. 2 , were cloned into the EcoRI-PstI site of pGAD-C1 to create an in-frame translation fusion with the Gal4 activation domain. These plasmids were designated pGAD-MazG, pGADMazG⌬(1-57), pGAD-MazG⌬(1-87), pGAD-MazG⌬(1-123), pGAD-MazG⌬(1-149), pGAD-MazG⌬(200-263), and pGAD-MazG⌬(230-263). For the expression of Era, the era gene was cloned into the HindIII-EcoRI site of pET17b, creating plasmid pET17b-Era. For the expression of MBP-Era fusion protein, the era gene was cloned into the KpnI-XbaI site of pMAL-c2E (New England Biolabs), creating plasmid pMAL-Era. For the expression of MazG, the mazG gene was cloned into the NdeI-BamHI site of pET11a (New England Biolabs), creating plasmid pET11a-MazG. For the expression of MBP-MazG fusion protein, the mazG gene was cloned into the KpnI-BamHI site of pMAL-c2E, creating plasmid pMAL-MazG.
An 865-bp 5Ј upstream DNA fragment of mazG (from base Ϫ865 to Ϫ1; A of the initiation codon ATG is set as ϩ1) and a 998-bp 3Ј downstream fragment of mazG (from base ϩ793 to ϩ1790) were amplified from E. coli W3110 genomic DNA by PCR. The 865-bp upstream fragment was inserted into the EcoRI-SalI site of pUC19. The 998-bp downstream fragment was then cloned into the HindIII-SalI site of pUC19 harboring the 865-bp upstream fragment. The kanamycin-resistant gene fragment derived from SalI digestion of pUC7 was inserted into the SalI site of pUC19 harboring both the 865-bp upstream fragment and the 998-bp downstream fragment, creating plasmid pUCMDkana.
Construction of E. coli genomic two-hybrid libraries. Genomic DNA was prepared from E. coli W3110 and partially digested with AciI, Hinp1I, and MspI, respectively. Resulting DNA fragments were separated by size on a gradient of 10 to 40% sucrose in STE buffer (100 mM NaCl, 10 mM Tris-HCl [pH 7.5], 1 mM EDTA). DNA fragments in the 500-to 2,000-bp size range were recovered by ethanol precipitation. Three different reading frame vectors, pGAD-C1, pGAD-C2, and pGAD-C3, were digested with ClaI and treated with calf intestinal alkaline phosphatase. Nine ligation reactions were performed (three vectors ϫ three enzyme digests). Each ligation product was transformed into E. coli strain HB101 (Gibco-BRL) by electroporation. Approximately 10 6 transformant colonies from each transformation were used to form three E. coli genomic DNA plasmid libraries, each of which was constructed from one of the three vectors (14) . The plasmid libraries were designated pGAD-EC1, pGAD-EC2, and pGAD-EC3, respectively. Two-hybrid library screening. Using the E. coli genomic DNA plasmid libraries pGAD-EC1, pGAD-EC2, and pGAD-EC3, two-hybrid screening was carried out according to the method of James et al. (16) . Potential interactions in the yeast two-hybrid reporter strain PJ96-4A were initially selected and confirmed on synthetic dropout (SD) minimal medium (Clontech) lacking Trp, Leu, His, and adenine (Ade). The medium was supplemented with 1 mM 3-amino-1,2,4-triazole. To quantitate the protein-protein interaction, a spectrophotometric assay for ␤-galactosidase activity was performed using o-nitrophenyl-␤-D-galactopyranoside (ONPG) as substrate.
Protein expression and purification. Era was purified from the E. coli strain BL21(DE3)ndk::Cm r (20) harboring the expression plasmid pET17b-Era as described previously (31) . MBP-MazG and MBP-Era were expressed in E. coli DH5␣ and purified with amylose resin (New England Biolabs) according to the manufacturer's instructions followed by Q-Sepharose column chromatography. MazG was purified from the E. coli BL21 strain harboring the expression plasmid pET11a-MazG by ammonium sulfate fractionation (30 to 60%) followed by gel filtration on a Sephadex G-100 column and Q-Sepharose column chromatography.
In vitro protein-protein interaction assay. Purified MBP-MazG (5 g) and Era (1 g) were mixed in reaction buffer (20 mM Tris-HCl [pH 8.0], 100 mM NaCl, 5 mM MgCl 2 , 1 mM dithiothreitol [DTT]) at 4°C for 4 h in the presence of 20 M GDP or GTP␥S. Amylose resin was washed with reaction buffer containing 20 M GDP or GTP␥S. An equal volume of amylose resin (50% [vol/vol]) was added into the protein mixture, and the mixture was then incubated for 2 h at 4°C with gentle mixing. The resin was washed three times with reaction buffer containing 20 M GDP or GTP␥S using ultrafree-MC centrifugal filters (Millipore), and the bound proteins were eluted with 10 mM maltose in reaction buffer. The eluted proteins were assayed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western blot with anti-Era antiserum.
In vitro translation of MazG was performed in an E. coli cell-free system with 35 S]Met in the presence of 20 M GTP␥S or GDP, and then the complexes were pulled down with amylose resin. The bound proteins on the resin were eluted and resolved on SDS-PAGE followed by autoradiography. Lane (5 g) and radiolabeled MazG protein (6 l of a 30-l translation reaction) were mixed in reaction buffer in the presence of 20 M GDP or GTP␥S, and then the mixture was incubated at 4°C for 4 h. MBP pull-down assay on amylose resin was performed as mentioned above. The eluted proteins were subjected to SDS-PAGE followed by autoradiography.
Thin-layer chromatography. The hydrolysis reaction was carried out in 20 l of reaction buffer containing ␣-32 P-labeled nucleoside triphosphates and the appropriate amount of protein at 37°C for 30 min. The stop solution (2% SDS, 20 mM EDTA) was added to terminate the reaction. Using the terminated reaction mixture (1 l), thin-layer chromatography was carried out as described previously (14) .
Detection of pyrophosphate. Nucleotide triphosphate hydrolysis was performed as mentioned above with [␥-32 P]GTP as substrate for MazG. The samples were spotted onto a Whatman 3MM paper. The unlabeled monophosphate and pyrophosphate were spotted alongside as markers. Paper chromatography was carried out as described by Schwemmle and Staeheli (30) .
Substrate specificity of MazG protein. A standard colorimetric assay was used to measure the nucleoside triphosphate pyrophosphohydrolase activity of MazG, with nonradioactive nucleoside triphosphates as substrates. The reaction was carried out in 50 l of reaction buffer containing 4 mM nucleoside triphosphates, 0.5 U of yeast inorganic pyrophosphatase (Sigma), and 2 g of MazG protein at 37°C for 15 min and then terminated by the addition of 50 l of a mixture of four parts 20% Norit A (Sigma) and one part 7% perchloric acid. After centrifugation, P i in the supernatant was measured by the method of Ames and Dubin (4). P i detected in control assays without MazG was subtracted as background.
Deletion of the mazG gene. The plasmid pUCMDkana was digested with EcoRI and HindIII. A 3.2-kb DNA fragment containing the 865-bp upstream fragment, the 1.4-kb kanamycin-resistant gene from pUC7, and the 998-bp downstream fragment was recovered and transformed into the E. coli strain BW25113 harboring a Red recombinase expression helper plasmid pKD46 (Amp r ) (11). The transformants resistant to both ampicillin and kanamycin at 30°C were isolated. They were colony purified once on the plate with kanamycin at 42°C to remove the helper plasmid. Replacement of the chromosomal mazG gene with the kanamycin-resistant gene was further confirmed by PCR. The mazG deletion strain was named BW25113MD.
Assay for mutator phenotype. The mazG deletion strain, BW25113MD, and its parent strain, BW25113, were grown in Luria-Bertani (LB) medium at 37°C to near stationary phase. Mutation frequencies were then determined using selective plates containing 100 g of rifampin per ml, 30 g of nalidixic acid per ml, or 150 g of streptomycin per ml. The total viable cell numbers were determined with nonselective LB plates. Mutation frequencies were obtained by using the averages of five separate determinations.
RESULTS AND DISCUSSION
Interaction between MazG and Era in the yeast two-hybrid system. To identify E. coli proteins that interact with Era, we constructed three E. coli genomic libraries and screened the libraries using Era as bait in the yeast two-hybrid system. Potential interactions were selected in the yeast two-hybrid reporter strain PJ69-4A (16) . A library screen was performed as described in Materials and Methods. Library plasmids, which enabled PJ69-4A cells to grow on SD minimal medium lacking Trp, Leu, His, and Ade only in the presence of plasmid pGBDEra, were sequenced and subjected to a BLAST search of the E. coli genome database. Twelve positive library plasmids containing the various fragments from the mazG gene were identified. The MazG protein consists of 263 amino acid residues. Eight positive plasmids contained a fragment from residues 58 to 263, three from residues 124 to 263, and one from residues 88 to 263. Sequence analysis revealed that all of the mazG sequences in these plasmids were in the same reading frame as the GAL4 transcriptional activation domain.
Two-hybrid assays were further performed to unambiguously demonstrate that Era indeed interacts with MazG, excluding any effects from genes downstream of the mazG gene. For this purpose, the full-length mazG gene was cloned into the pGAD-C1 vector and cotransformed with pGBD-Era or pGBD-C1 vector into PJ69-4A yeast cells. In order to localize the interaction regions between Era and MazG proteins, a series of N-and C-terminal deletions of MazG were also constructed in pGAD-C1 and cotransformed with pGBD-Era or pGBD-C1 vector into PJ69-4A cells, as shown in Fig. 1A . The cotransformants harboring pGAD-MazG, pGAD-MazG⌬(1- ) with pGBD-Era were able to grow on SD minimal medium lacking Trp, Leu, His, and Ade, while the cotransformants with the pGBD-C1 vector were not. All of these cotransformants with pGBD-Era displayed a significant increase in ␤-galactosidase activity (Fig. 1A) . Similar results were obtained in the reciprocal two-hybrid assays with the era gene inserted in the pGAD-C1 vector and mazG fragments inserted in the pGBD-C1 vector (data not shown). These data confirmed the initial two-hybrid library screen results, demonstrating that full- (Fig. 1A) disrupted the two-hybrid interaction with Era. These results indicate that the C-terminal domain consisting of 140 amino acid residues of MazG is indispensable in the interaction with Era in the two-hybrid system. As shown in Fig. 1B , a series of truncation mutations from the N and C termini of Era and a G2 region deletion mutation of Era were constructed in pGBD-C1 and cotransformed with pGAD-MazG into PJ69-4A cells. All of these cotransformed yeast cells were unable to grow on SD minimal medium in the absence of Trp, Leu, His, and Ade, indicating that these Era mutants were unable to interact with MazG. Therefore, both the N-and C-terminal regions of Era appear to be essential for the interaction with MazG. It is possible that both termini of Era contain residues involved in the interaction with MazG, or the whole structure of Era may be required for binding to MazG.
Interaction of MazG with Era in vitro.
In vitro experiments were performed to confirm the interaction between MazG and Era. MBP-MazG was mixed with Era, and then amylose resin was added to the mixture. Proteins binding to the amylose resin were eluted with maltose and were then subjected to SDS-PAGE. By Western blot analysis using the anti-Era antiserum as shown in Fig. 2A , it was found that Era coeluted with MBP-MazG in the presence of GDP (Fig. 2A, lane 2) or GTP␥S (Fig. 2A, lane 4) , but not with MBP protein (Fig. 2A,  lanes 1 and 3) . These results were reproducible, indicating that Era can form a complex with MBP-MazG by interacting with MazG. The complex formation seems to be stronger in the presence of GDP (Fig. 2A, lane 2) than in the presence of GTP␥S (Fig. 2A, lane 4) . In the absence of either nucleotide, the Era binding affinity to MazG was about at the same level as in the presence of GTP␥S (data not shown).
In order to further confirm Era-MazG complex formation, MBP-Era and 35 S-labeled MazG produced in a cell-free system were mixed and protein complexes were trapped by amylose resin as mentioned above. The proteins eluted from the resin with maltose were subjected to SDS-PAGE, and then 35 Slabeled MazG was detected by autoradiography. It was found that 35 S-labeled MazG could form a complex with MBP-Era in the presence of GDP (Fig. 2B, lane 2) or GTP␥S (Fig. 2B, lane  4 ), but not with MBP (Fig. 2B, lanes 1 and 3) . It appeared that more 35 S-labeled MazG was trapped on the resin with MBPEra in the presence of GDP (Fig. 2B, lane 2) than in the presence of GTP␥S (Fig. 2B, lane 4) . The results of the in vitro experiments were consistent with the results from the yeast two-hybrid system that Era is able to interact with MazG and furthermore suggested that GDP-bound Era may bind more strongly to MazG than to GTP-bound Era.
Expression and purification of MazG. After E. coli BL21 harboring pET11a-MazG was induced with isopropyl-␤-D-thiogalactopyranoside (IPTG), MazG was produced to about 30% of the total protein and formed a major band with an approximate molecular mass of 30 kDa on the SDS-PAGE gel (not shown). MazG was purified by gel filtration followed by Q-Sepharose column chromatography to near homogeneity. When analyzed by gel filtration, the purified MazG was eluted at around 60 kDa, indicating that MazG exists as a dimer (data not shown). FIG. 6. Substrate specificity of MazG. The hydrolysis of various substrates was detected with a standard colorimetric assay as described in Materials and Methods. The hydrolysis activity with each substrate was depicted relative to the activity with dTTP, which was taken as 100 percent. Each value is the mean from three separate experiments.
MazG has no effect on the GTPase activity of Era. In order to examine whether the interaction between Era and MazG has any effect on the GTPase activity of Era, Era was incubated with MazG in the presence of [␣-32 P]GTP at 37°C. Nucleotide analysis was performed by polyethyleneimine thin-layer chromatography. It was found that MazG had no significant effect on the GTPase activity of Era, while, surprisingly, MazG could efficiently convert GTP to GMP, suggesting that MazG may have a nucleoside triphosphate pyrophosphohydrolase activity against GTP. Era also had no effect on the GTP hydrolysis activity of MazG (Fig. 3) . As the GDP-bound Era has a stronger binding affinity to MazG than GTP-bound Era, GDP was added into the reaction mixture in 5 to 10 times molar excess of GTP to examine the effect of GDP on GTP hydrolysis. It was found that the GTPase activity of Era was significantly inhibited with higher GDP concentrations but was not affected by adding MazG into the reaction mixture (data not shown), indicating that the interaction between Era and MazG does not modulate their individual GTP hydrolysis activities.
Properties of MazG. We further attempted to characterize the nucleoside triphosphate pyrophosphohydrolase activity by incubating the purified MazG with [␣-
32 P]ATP and [␣-32 P] GTP at 37°C, respectively. Nucleotide analysis was performed by polyethyleneimine-cellulose thin-layer chromatography. It was revealed that MazG not only converted GTP to GMP (Fig.   4A , lane 4) but also converted ATP to AMP (Fig. 4A, lane 2) . When [␥-32 P]GTP was used as the substrate for MazG and the reaction products were separated by paper chromatography and visualized by autoradiography, a strong radioactive signal was observed at the position of the pyrophosphate marker (Fig. 4B, lane 2) . When yeast inorganic pyrophosphatase was added into the reaction mixture, the radioactive pyrophosphate spot disappeared with the concomitant appearance of a new spot corresponding to the position of the inorganic phosphate marker (Fig. 4B, lane 3) . These results indicate that MazG has nucleoside triphosphate pyrophosphohydrolase activity hydrolyzing GTP to GMP and PP i . When the GTP hydrolysis activity of MazG was tested in the presence of the ATP, CTP, and UTP effectively competed with GTP to block the reaction. On the other hand, GDP, GMP, and GTP␥S had no significant influence on the hydrolysis of GTP (Fig. 5) . It was also found that dGTP, dATP, dCTP, and dTTP effectively competed with GTP to block the reaction (data not shown).
Next, the activity of MazG toward each of the eight canonical ribo-and deoxynucleoside triphosphates was determined by the colorimetric assay as described in Materials and Methods. MazG hydrolyzed all eight of the canonical ribo-and deoxynucleoside triphosphates to their respective monophosphates and PP i . P i was not detected unless inorganic pyrophosphatase was added to the reaction mixtures. At a fixed concentration of 4 mM, the most preferred substrate for MazG was found to be dTTP, followed by dATP and dCTP (Fig. 6) . It seems that MazG has higher activity towards deoxynucleoside triphosphates than ribonucleoside triphosphates, indicating that MazG recognizes not only the nucleotide base but also the sugar group.
Similar to other nucleoside triphosphate pyrophosphohydrolases, the nucleotide hydrolysis by MazG requires divalent cation Mg 2ϩ or Mn 2ϩ (5 mM). The addition of EDTA effectively blocked its activity. The effect of pH on the nucleotide hydrolysis activity of MazG was analyzed under various pH conditions. The nucleotide hydrolysis activity of MazG has an optimum at pH 9.5 (not shown).
What is the role of MazG? There are 52 protein sequences homologous to E. coli MazG, two of them from Archaea, and the rest from bacteria. Sequence alignments of MazG proteins from E. coli, Yersinia pestis, Vibrio cholerae, Pasteurella multocida, Haemophilus influenzae, Caulobacter crescentus, Agrobacterium tumefaciens, and Thermotoga maritima are shown in Fig.  7 . MazG is highly conserved and the sequence similarities to E. coli MazG in these bacteria are present throughout the sequence.
In E. coli, the mazG gene is located downstream of mazEF, which is a chromosomal "addiction module" proposed to be responsible for programmed cell death (2) . The relationship between mazG and mazEF is still unknown. In order to discover if mazG is an essential gene for E. coli, we have constructed a mazG deletion strain by replacing the mazG gene with a kanamycin-resistant gene as described in Materials and Methods. The mazG deletion strain was able to form colonies under several growth conditions such as low (15°C) and high (37 and 42°C) temperatures on LB medium or M9 medium, indicating that the mazG function is not required under normal growth conditions. Some other E. coli proteins, such as MutT and Orf17, also catalyze the hydrolysis of ribo-and deoxynucleoside triphosphates, yielding inorganic pyrophosphate and nucleoside monophosphates (6, 25) . However, they have different and more substrate specificities than MazG. dATP is the preferred substrate for Orf17, and dGTP is the preferred substrate for MutT, while MazG does not have a strong substrate specificity among the eight canonical nucleoside triphosphates. Moreover, there is no significant amino acid sequence similarity between MazG and MutT or Orf17. It has been shown that MutT hydrolyzes 8-oxo-dGTP, the mutagenic form of dGTP, thus preventing AT-to-CG mutations (21) . Orf17 is of unknown function and does not have antimutator properties (25) . In order to find if MazG is also involved in preventing mutations, the mutation frequencies of the mazG deletion strain and its parent strain were determined on LB plates containing different antibiotics. As shown in Table 1 , frequencies of spontaneous mutation to rifampin, nalidixic acid, and streptomycin resistance did not significantly increase in the mazG deletion strain, indicating that MazG does not play a role as an antimutator.
Although our two-hybrid system and in vitro experiments demonstrated their physical interaction, the significance of the interaction between MazG and Era remains elusive at present. It is possible that another protein factor(s) may be needed for their functional interaction. It is interesting that GDP-bound Era binds more tightly to MazG than GTP-bound Era, suggesting that Era may play a role as a molecular switch in regulating the function associated with MazG. Further studies on the function of MazG may provide insights into our understanding of the physiological role of MazG and the functional significance of its interaction with Era.
